INTRODUCTION
============

Human cytomegalovirus (HCMV) is a betaherpesvirus that displays the signature virion architecture of all herpesviruses ([@B1]). HCMV virions contain about 70 viral proteins ([@B2]), representing about a third of its \~200 viral protein-coding open reading frames (ORFs) ([@B3]), including capsid constituents, tegument species, and envelope glycoproteins ([@B1]). To achieve its intricate virion architecture, as well as to ensure high-fidelity packaging of virion proteins and efficient release of infectious progeny, HCMV employs a highly coordinated, but incompletely understood, process of assembly and egress ([@B4]). Assembly begins in the nucleus where capsids are formed and loaded with viral genomes. These nucleocapsids likely associate with a subset of tegument proteins that accumulate in the nucleus. Next, the phosphorylation of nuclear lamins is altered, allowing the nucleocapsids and associated tegument proteins to translocate into the cytoplasm by a proposed envelopment/de-envelopment process across the inner and outer nuclear envelopes. The nucleocapsids associate with additional tegument proteins and acquire their final envelope in the cytoplasm within a region termed the viral assembly compartment (vAC) ([@B5]--[@B9]). The vAC is a juxtanuclear collection of membranes, virion proteins, and cellular proteins that include markers of the exocytic and endocytic networks. During secondary envelopment, tegumented nucleocapsids bud into vesicles that are believed to be derived from the *trans*-Golgi network (TGN)/endosome to acquire their final envelopes and traffic out of cells ([@B10]--[@B13]). The reorganization of membranes into the vAC is believed to be essential for the sorting of virion glycoproteins and for coordination of cellular trafficking required for egress of virions ([@B6], [@B7], [@B14]).

HCMV pUL71 is a tegument protein ([@B2], [@B15]) whose function has been unknown. It is a positional homologue of herpes simplex virus type 1 (HSV-1) UL51, which has been shown to be a tegument-associated, late protein ([@B16]) that is palmitylated ([@B17]). A UL51-deficient derivative of HSV-1 has been shown to exhibit a 100-fold growth defect and to be defective for nuclear egress ([@B18]). While HCMV UL71 and HSV-1 UL51 are positional homologues, they do not share significant homology at the nucleotide or amino acid level. HCMV pUL71 is, however, a member of the herpesvirus U44 superfamily, containing a conserved, but functionally unclassified, U44 domain ([@B19]).

The growth of UL71-null viruses has been examined in two global mutagenesis studies, where mutants exhibited a \>10^4^-fold growth defect relative to wild-type virus ([@B20]) or did not grow at all ([@B21]). While the studies reached somewhat different conclusions regarding the requirement for pUL71, both illustrated its importance during replication. Sera from HCMV-positive individuals contain pUL71-specific antibodies ([@B22]), illustrating that the protein is a target of the humoral response to infection.

In this study, we characterize a mutant virus that does not express pUL71. The mutant exhibited a severe growth defect in fibroblasts that occurs after late gene expression. The protein was required for the reorganization of the host cell endocytic/exocytic network that normally generates the proper architecture of the vAC. HCMV virions produced in the absence of pUL71 remained cell associated; mutant-virus-infected cells accumulated large intracytoplasmic inclusions, exhibiting lysosomal characteristics, with virus particles at their periphery.

RESULTS {#h1}
=======

pUL71 is required for the efficient accumulation of extracellular progeny. {#h1.1}
--------------------------------------------------------------------------

To study the function of pUL71, we constructed a mutant virus, BAD*in*UL71STOP, using bacterial artificial chromosome (BAC) recombineering technology ([@B23]). To design this mutant, we mapped the 5′ end of the UL71 transcript (see [Fig. S1A](#fS1){ref-type="supplementary-material"} in the supplemental material), testing the possibility that there might be additional ORFs upstream of the predicted UL71 coding region ([@B24]). We determined that the transcript begins 29 nucleotides upstream of an AUG that marks the start of the previously specified UL71 ORF and 14 nucleotides downstream of the start codon for the UL70 ORF, which resides on the opposite strand from UL71 ([Fig. S1B and C](#fS1){ref-type="supplementary-material"}). The mutant virus contains an 11-nucleotide stop codon frameshift cassette inserted after nucleotide 36 of the UL71 ORF ([Fig. 1A](#f1){ref-type="fig"}).

![BAD*in*UL71STOP generates fewer infectious progeny than BAD*wt*. (A) Schematic of the BAD*in*UL71STOP genome. An 11-base-pair translation stop cassette was inserted after nucleotide 36 of the UL71 ORF. (B) BAD*in*UL71STOP produces \>100-fold-fewer infectious progeny than BAD*wt*. Infected fibroblasts and supernatants were harvested at the indicated times after infection at a multiplicity of 2 PFU/cell, and virus titers were determined by 50% tissue culture infective dose (TCID~50~) assay. Inp, input virus. (C) Accumulation of RNA from neighboring genes is unaffected by the UL71STOP mutation. Fibroblasts were infected at a multiplicity of 2 PFU/cell with BAD*wt* or BAD*in*UL71STOP and harvested 72 h later. Total RNA was isolated. UL70 and UL72 message levels were quantified by reverse transcription-quantitative PCR (RT-qPCR) and normalized to actin RNA. Error bars represent standard errors of means calculated from technical repeats.](mbo0051010630001){#f1}

We observed a \>100-fold reduction in total infectious virus accumulation after infection at a relatively high multiplicity (2 PFU/cell) with the mutant virus BAD*in*UL71STOP compared to its parent, BAD*wt* ([Fig. 1B](#f1){ref-type="fig"}). A similar defect was evident in a second, independently derived pUL71-deficient virus (data not shown), arguing that the phenotype was not influenced by a spurious off-target mutation. Further, the observed defect was not due to disruption of the expression of neighboring genes, as RNA levels for the neighboring ORFs UL70 and UL72 were not significantly different in BAD*in*UL71STOP and BAD*wt* ([Fig. 1C](#f1){ref-type="fig"}), and the translational starts for the surrounding ORFs are located far from the insertion in UL71. This conclusion is corroborated by the fact that UL70, the gene whose expression was more likely to be affected due to its position relative to UL71, is essential for viral DNA replication ([@B25]), and BAD*in*UL71STOP accumulated viral DNA to wild-type levels ([Fig. 2C](#f2){ref-type="fig"}).

![BAD*in*UL71STOP produces a higher proportion of cell-associated progeny than BAD*wt* but accumulates normal levels of viral DNA and proteins. Infections were performed at a multiplicity of 2 PFU/cell. (A) BAD*in*UL71STOP produces \>100-fold-fewer extracellular infectious viral progeny and \~10-fold-fewer cell-associated infectious viral progeny than BAD*wt*. Cultures were harvested on the indicated days postinfection (dpi), and viral titers were determined by TCID~50~ assay. Inp, input virus. Results are representative of an experiment conducted in duplicate with two separate isolates of BAD*in*UL71STOP mutant virus. Error bars estimate standard deviations calculated from technical repeats. (B) Ratio of cell-associated to cell-free virus for mutant and wild-type viruses. The primary data displayed in panel A are plotted as ratios. Error bars represent standard errors of means calculated from technical repeats. (C) BAD*in*UL71STOP-infected cells accumulate viral DNA normally. Fibroblasts were harvested at the indicated hour postinfection (hpi) with mutant or wild-type virus, and total cellular DNA was isolated. Viral genomes were quantified by qPCR with UL123-specific primers and normalized to cellular actin. Results are representative of an experiment conducted in duplicate with two separate isolates of BAD*in*UL71STOP. Error bars represent standard errors of means calculated from technical repeats. (D) BAD*in*UL71STOP-infected cells accumulate representative viral proteins from all kinetic classes normally. Cells were harvested at the indicated hpi, and whole-cell lysates were prepared. Proteins were analyzed by Western blotting using antibodies for IE1, pUL44, and pUL99. Tubulin was assayed as a loading control. Results are representative of an experiment conducted in duplicate with two separate isolates of BAD*in*UL71STOP.](mbo0051010630002){#f2}

We conducted further analyses that revealed defects in the accumulation of both extracellular and intracellular infectious virus after infection with the mutant at a multiplicity of 2 PFU/cell ([Fig. 2A](#f2){ref-type="fig"}). Interestingly, the ratio of cell-associated virus to cell-free virus is nearly 100-fold greater for BAD*in*UL71STOP than for BAD*wt* ([Fig. 2B](#f2){ref-type="fig"}), indicating that most progeny virus fail to egress from the infected cell. Despite this reduction in infectious virus, BAD*in*UL71STOP-infected cells accumulated viral DNA to the same extent as BAD*wt*-infected cells ([Fig. 2C](#f2){ref-type="fig"}). Additionally, representative immediate-early (IE1), early (pUL44), and late (pUL99) viral protein accumulated to wild-type levels with proper kinetics during BAD*in*UL71STOP infection ([Fig. 2D](#f2){ref-type="fig"}). To determine whether virus released from mutant-virus-infected cells contributed to spread and whether the intracellular infectious virus observed in mutant-infected cells was capable of spreading through a monolayer, cells were infected at a multiplicity of 0.01 PFU/cell and treated with neutralizing antibody to prevent spread due to release of extracellular infectious virus. Neutralizing antibody markedly reduced the spread of wild-type virus ([Fig. 3A](#f3){ref-type="fig"}) but did not affect the spread of mutant virus ([Fig. 3B](#f3){ref-type="fig"}), indicating that the contribution of released extracellular virus to BAD*in*UL71STOP spread was minimal. The size of infectious centers increased during mutant infection ([Fig. 3B](#f3){ref-type="fig"}), indicating that the mutant is competent for cell-to-cell spread.

![BAD*in*UL71STOP virus spreads in a direct cell-to-cell manner. Infections with BAD*wt* (A) or BAD*in*UL71STOP (B) were performed at a multiplicity of 0.01 PFU/cell in the presence of nonsupplemented growth medium (untreated) or growth medium supplemented with 3% (vol/vol) CytoGam (+CytoGam). Nuclei were stained with DAPI (red), and infected cells were detected by probing for IE1 expression (green).](mbo0051010630003){#f3}

pUL71-deficient virus generates an abnormal viral assembly compartment (vAC). {#h1.2}
-----------------------------------------------------------------------------

Since the effect on yield was considerably greater for extracellular virus than for intracellular virus, we suspected that pUL71 plays a role in viral assembly and/or egress. To pursue this hypothesis, we constructed BAD*in*UL71GFP, which expresses a pUL71GFP fusion protein (GFP, green fluorescent protein) (see [Fig. S2A](#fS2){ref-type="supplementary-material"} in the supplemental material). The accumulation of extracellular virus was monitored after infection at a multiplicity of 0.1 PFU/cell, and there was no significant difference between wild-type and UL71GFP-tagged virus (see [Fig. S2B](#fS2){ref-type="supplementary-material"} in the supplemental material), confirming that the addition of the tag to pUL71 did not interfere with its function.

Using BAD*in*UL71GFP, we examined the expression kinetics and subcellular localization of pUL71. It was detected at 24 h postinfection (hpi), the earliest time examined, and increased throughout infection (see [Fig. S2C](#fS2){ref-type="supplementary-material"} in the supplemental material). At 48 hpi, pUL71 colocalized with pUL99 (pp28) and pUL55 (gB) in the vAC ([Fig. 4](#f4){ref-type="fig"}). At 96 hpi, it continued to colocalize with pUL99 and pUL55 in large vesicular structures at the periphery of the vAC, which are thought to arise from the fusion of smaller, discrete classes of vesicles ([@B26]). Although pUL99 and pUL55 remain broadly distributed throughout the vAC at this late time, pUL71 is substantially restricted to the peripheral vesicles. We next examined the large viral vesicular structures at 96 hpi, comparing pUL71 localization to a number of cellular markers of the exocytic/endocytic network. The markers were reorganized by infection (see [Fig. S3](#fS3){ref-type="supplementary-material"} in the supplemental material), consistent with previous studies of HCMV assembly ([@B5]--[@B10]), but only ERGIC53 substantially colocalized with pUL71.

![pUL71GFP partially colocalizes with pUL99 (pp28) and pUL55 (gB) in the viral assembly compartment (vAC). pUL71GFP (green) was tested for colocalization with pUL99 (red) (A) and pUL55 (red) (B). Fibroblasts were infected at a multiplicity of 1 PFU/cell and processed for immunofluorescence at the indicated time postinfection (hpi). DAPI-stained nuclei are blue in merged images. Results are representative of an experiment conducted with two separate isolates of BAD*in*UL71GFP. Bars, 10 µm.](mbo0051010630004){#f4}

We also examined the cytoplasmic structures of BAD*in*UL71STOP-infected cells for changes in morphology of the vAC and its surrounding vesicles. At 96 h after BAD*in*UL71STOP infection, we observed pUL99-containing vesicular structures that were on average enlarged (\~5 µm) compared to the vesicles present during BAD*wt* infection (\~1 to 2 µm) ([Fig. 5A](#f5){ref-type="fig"}, top and middle panels). Vesicular structures containing pUL55 were also enlarged in mutant-virus-infected cells ([Fig. 5A](#f5){ref-type="fig"}), which is consistent with previous observations that pUL99 and pUL55 merge into larger vesicles at late times postinfection ([@B26]). Interestingly, a subset of ≤10% of BAD*in*UL71STOP-infected cells displayed extremely enlarged pUL99- and pUL55-containing vesicular structures (≥10 µm) at 96 hpi ([Fig. 5A](#f5){ref-type="fig"}, bottom panels).

![BAD*in*UL71STOP**-**infected cells display altered vAC morphology. Fibroblasts were infected at a multiplicity of 1 PFU/cell with either BAD*wt* or BAD*in*UL71STOP virus and processed for immunofluorescence 96 h later. DAPI-stained nuclei are blue in merged images. (A) Compared to BAD*wt*-infected cells (top panels), BAD*in*UL71STOP-infected cells accumulate pUL99- and pUL55-containing vesicular structures that are enlarged (middle panels). A minor population of BAD*in*UL71STOP-infected cells (\<10%) display grossly enlarged vesicular structures that are ≥10 µm in diameter (bottom panels). Results are representative of experiments conducted in duplicate with two isolates of BAD*in*UL71STOP. (B and C) Compared to BAD*wt*-infected cells, the lysosomal marker LAMP1 (red) is aberrantly sorted into vesicular structures at the periphery of the vAC in BAD*in*UL71STOP-infected cells. Arrows mark colocalization of pUL99 (B) (green) or pUL55 (C) (green) and LAMP1. LAMP1 was detected with either a rabbit polyclonal antibody (B) or a mouse monoclonal antibody (C). Results are representative of experiments conducted in triplicate with two separate isolates of BAD*in*UL71STOP. (D) BAD*in*UL71STOP-infected cells have enlarged, acidified structures in the perinuclear cytoplasmic region. At 96 hpi, live cells were stained with LysoTracker Green. Bars, 10 µm.](mbo0051010630005){#f5}

Since the morphology of the vAC was altered during BAD*in*UL71STOP infection, we hypothesized that the localization of vAC resident proteins relative to cellular markers of the endocytic/exocytic network may also change. To test this idea, we monitored the localization of pUL99 and pUL55 along with cellular markers of the endocytic/exocytic network. The localization of the late endosomal/lysosomal marker, LAMP1, was markedly altered during mutant infection ([Fig. 5B](#f5){ref-type="fig"}). In cells infected with a pUL71GFP-expressing virus (see [Fig. S3E](#fS3){ref-type="supplementary-material"} in the supplemental material) or BAD*wt* virus ([Fig. 5B](#f5){ref-type="fig"}, top panels), little colocalization with virus-induced vesicular structures was observed. In BAD*in*UL71STOP-infected cells, LAMP1 was depleted from the center of the vAC and concentrated within the pUL99-containing vesicles. While noticeable in all pUL99 vesicles, this localization was most evident in the extremely enlarged vesicles ([Fig. 5B](#f5){ref-type="fig"}, bottom panels). Since this initial experiment utilized a rabbit polyclonal antibody and rabbit IgG has been reported to localize spuriously to the vAC ([@B27]), the localization was confirmed using a mouse antibody to LAMP1 ([Fig. 5C](#f5){ref-type="fig"}). Finally, since LAMP1 is a lysosomal marker, we suspected that the vesicular structures may be acidified, so we labeled infected cells with LysoTracker green. Numerous, small puncta were evident in the vAC of BAD*wt*-infected cells ([Fig. 5D](#f5){ref-type="fig"}, left panels), and the LysoTracker green-stained structures were noticeably larger after infection with BAD*in*UL71STOP ([Fig. 5D](#f5){ref-type="fig"}, right panels). These structures, including examples ≥10 µm, were similar in size and localization to the enlarged viral vesicles observed during mutant virus infection ([Fig. 5A and B](#f5){ref-type="fig"}), consistent with the interpretation that they are acidified.

UL71 mutant virus preparations are less infectious than wild-type virus preparations. {#h1.3}
-------------------------------------------------------------------------------------

Since the vACs of BAD*in*UL71STOP-infected cells were abnormal and since pUL71 is present in virions ([@B2]), we hypothesized that mutant virus might be less infectious than wild-type virus. To test this idea, we quantified viral genomes from titered stocks of mutant and wild-type virus by quantitative PCR (qPCR). BAD*in*UL71STOP virus stocks contained \>10-fold more viral genomes per infectious unit than wild-type virus stocks (see [Fig. S4A](#fS4){ref-type="supplementary-material"} in the supplemental material).

We observed no difference in the events leading up to viral assembly and egress between BAD*wt*- and BAD*in*UL71STOP-infected cells during infections normalized for the input of infectious units ([Fig. 2C and D](#f2){ref-type="fig"}). To determine the point in the infectious cycle at which the mutant is blocked and a higher genome dosage is required to complete the preassembly events of infection normally, we assayed several early events during infections normalized for the input of either infectious units or viral genomes. We assayed the binding of virions to cells at 4°C and observed nearly identical levels of cell-associated, viral genomes when the infections were normalized for equal input of viral genomes (see [Fig. S4B](#fS4){ref-type="supplementary-material"} in the supplemental material). However, when infections were normalized for equal input of infectious units, we observed 10-fold-more bound BAD*in*UL71STOP genomes (see [Fig. S4B](#fS4){ref-type="supplementary-material"} in the supplemental material), illustrating that mutant virions, while less infectious, are competent for binding to fibroblasts. Entry was assayed by measuring nuclear delivery of the virion protein pUL83 at 6 hpi, and nearly identical levels of pUL83-positive nuclei were generated during infections normalized for the input of infectious units. When we normalized for the input of viral genomes, 10-fold-fewer pUL83-positive nuclei in BAD*in*UL71STOP-infected cells were produced ([Fig. S4C](#fS4){ref-type="supplementary-material"}). To corroborate these observations, expression of the IE1 immediate-early protein was assayed by immunofluorescence at 24 hpi. We observed nearly identical levels of IE1-positive nuclei during infections normalized for the input of infectious units, but when infections were normalized for the input of viral genomes, we observed 10-fold-fewer IE1-positive nuclei in BAD*in*UL71STOP-infected cells ([Fig. S4D](#fS4){ref-type="supplementary-material"}).

Virions isolated from UL71 mutant-virus-infected cells are aggregated and associated with membrane fragments. {#h1.4}
-------------------------------------------------------------------------------------------------------------

Having determined that BAD*in*UL71STOP virus stocks are less infectious than wild-type virus stocks, we explored the possibility that the mutant virions were assembled improperly. Cell-free and total (cell-free plus cell-associated) virus particles were partially purified by centrifugation through a glycerol tartrate gradient ([Fig. 6A](#f6){ref-type="fig"}). Both preparations from BAD*wt* displayed a characteristic set of bands ([@B28]), corresponding to noninfectious enveloped particles (NIEPs) (above band A), virions (band A), and dense bodies (band B). In contrast, cell-free virion preparations from BAD*in*UL71STOP infections displayed no discernible bands, while total virion preparations displayed a single, "hybrid" band of intermediate migration (band D). We isolated the material in bands A and B from the wild-type virus gradient, and three fractions from the mutant gradient, fractions C, D, and E. Fraction D contains the only visible band, and fractions C and E correspond to the regions where virions and dense bodies would be found in wild-type virus gradients. We investigated the abundance of viral DNA and viral infectivity in each of these fractions ([Fig. 6B](#f6){ref-type="fig"}). DNase I-insensitive viral DNA was isolated from equal volumes of each sample and quantified by qPCR. Predictably, the majority of BAD*wt* viral DNA was found in fraction A (virions), but a large amount was also found in fraction B (dense bodies). Modest amounts of viral DNA were detected in fractions C and E, which as noted above, correspond to the predicted migration of BAD*in*UL71STOP virions and dense bodies. The vast majority of BAD*in*UL71STOP viral DNA, however, was detected in hybrid band D. The migration of infectivity mirrored that of viral DNA, with the majority of the BAD*wt* infectivity in band A and BAD*in*UL71STOP infectivity in band D ([Fig. 6B](#f6){ref-type="fig"}).

![Purified BAD*in*UL71STOP particles are aggregated and associated with membranes. (A) BAD*in*UL71STOP particles sediment differently than wild-type virions. Virus particles from the supernatants of infected cultures or from cells plus supernatants were concentrated and then resolved by centrifugation through a glycerol tartrate gradient. (B) BAD*in*UL71STOP genomes and infectivity sediment differently than those of wild type. Infectivity was measured for each isolated band species by TCID~50~ assay, and viral genomes were quantified by qPCR using UL123-specific primers. (C) The BAD*in*UL71STOP virion band contains elevated levels of representative virion proteins. Proteins in the indicated factions were assayed by Western blotting for capsid (pUL85), tegument (pUL83 and pUL99), and envelope (pUL55) proteins. Loading was normalized to viral genomes. (D) Electron micrographs of particles in gradient fractions. BAD*wt* virions, BAD*wt* dense bodies, and BAD*in*UL71STOP virion aggregates were isolated from indicated gradient fractions and visualized by transmission electron microscopy. The areas marked by green boxes in the top panels are shown at higher magnification in the bottom panels.](mbo0051010630006){#f6}

To characterize the particles present in the BAD*in*UL71STOP hybrid band, aliquots containing equal numbers of viral genomes were analyzed by Western blotting for capsid (pUL85), tegument (pUL83 and pUL99), and envelope (pUL55) proteins ([Fig. 6C](#f6){ref-type="fig"}). All protein species probed were present in BAD*in*UL71STOP band D, but the protein abundance per unit genome in the mutant particles appeared more similar to wild-type dense bodies rather than wild-type virions.

To further characterize the particles present in the BAD*in*UL71STOP hybrid band, we compared them to BAD*wt* virions and dense bodies by transmission electron microscopy (TEM). BAD*wt* virions and dense bodies ([Fig. 6D](#f6){ref-type="fig"}, left) displayed typical morphology, with virions generally present as individuals or in groups of 3 to 4 particles at maximum and dense bodies appearing as individuals, small clusters, or large, membrane-associated aggregates. The aggregates likely cause the characteristic heterogeneity observed for the dense body band in gradients. The particles comprising the BAD*in*UL71STOP hybrid band D resembled virions and NIEPs, but they existed almost exclusively as aggregations of particles ([Fig. 6D](#f6){ref-type="fig"}, small virion aggregates), or very large, membranous aggregates ([Fig. 6D](#f6){ref-type="fig"}). Consistent with this observation, the BAD*in*UL71STOP hybrid band in the gradient was heterogeneous and more closely resembled the BAD*wt* dense body band than the virion band.

BAD*in*UL71STOP particles accumulate at the periphery of large ICIs. {#h1.5}
--------------------------------------------------------------------

To investigate the intracellular trafficking of mutant virus particles, sections of infected cells were analyzed by TEM. At 72 hpi, capsids were identified in the nuclei of infected cells (see [Fig. S5](#fS5){ref-type="supplementary-material"} in the supplemental material), with little difference between the mutant and wild-type virus. At 96 hpi, however, many cytoplasmic virus particles were visible in cells infected with wild-type virus ([Fig. 7A and B](#f7){ref-type="fig"}, arrows), while almost none were found in cells infected with mutant virus ([Fig. 7C and D](#f7){ref-type="fig"}). Although cytoplasmic virus particles were not visible in cells infected with mutant virus, large, electron-dense intracytoplasmic inclusions (ICIs) were clearly visible in the cytoplasm at 96 hpi ([Fig. 7C and D](#f7){ref-type="fig"}). On average, these inclusions were much larger in mutant-virus-infected cells than in wild-type-virus-infected cells. By 144 hpi, large ICIs were visible in cells infected with wild-type virus ([Fig. 8A and B](#f8){ref-type="fig"}) and in cells infected with mutant virus ([Fig. 8C and D](#f8){ref-type="fig"}). At this very late stage of infection, few wild-type virions were evident in the cytoplasm. In contrast, a large number of cytoplasmic UL71 mutant virus particles were discernible ([Fig. 8C and D](#f8){ref-type="fig"}, arrows), and large numbers of vesicles containing viral particles had accumulated at the periphery of the ICIs.

![At 96 hpi, BAD*in*UL71STOP-infected cells contain large ICIs but few cytoplasmic virus particles. Cells were infected at a multiplicity of 2 with BAD*wt* (A and B) or BAD*in*UL71STOP (C and D). Arrows indicate cytoplasmic virus particles. Nu, nucleus; ICI, intracytoplasmic inclusion.](mbo0051010630007){#f7}

![At 144 hpi, BAD*in*UL71STOP-infected cells contain more cytoplasmic virus particles than BADwt-infected cells, many of which are associated with large ICIs. Cells were infected at a multiplicity of 2 with either BAD*wt* (A and B) or BAD*in*UL71STOP (C and D). Arrows indicate cytoplasmic virus particles. Nu, nucleus; ICI, intracytoplasmic inclusion.](mbo0051010630008){#f8}

DISCUSSION {#h2}
==========

The cytoplasmic events of HCMV virion maturation and trafficking are only beginning to be elucidated. Several viral proteins are known to be required for virion assembly and egress ([@B4]), and cellular proteins of the endoplasmic reticulum ([@B29]), Golgi apparatus ([@B11]), endosomal recycling complex ([@B14]), multivesicular body ([@B10], [@B30]) and ESCRT (endosomal sorting complex required for transport) ([@B31]) cellular trafficking pathways have also been implicated in virion maturation.

Our results argue that pUL71 is dispensable for events before cytoplasmic envelopment ([Fig. 2C and D](#f2){ref-type="fig"}) but required for correct morphogenesis of the viral assembly compartment (vAC) ([@B6], [@B8], [@B9]) and its associated vesicular system ([Fig. 4 and 5](#f4 f5){ref-type="fig"}; see [Fig. S3](#fS3){ref-type="supplementary-material"} in the supplemental material). In the absence of pUL71, the vAC-associated vesicular structures are enlarged ([Fig. 5A](#f5){ref-type="fig"}), similar to those previously observed during infections with pUL97-deficient virus or pharmacological inhibitors of pUL97 ([@B32], [@B33]). These enlarged structures aberrantly contain LAMP1, a cellular marker of late endosomes/lysosomes ([Fig. 5B and C](#f5){ref-type="fig"}). We observed different LAMP1 localizations in side-by-side analysis of mutant and wild-type viruses. This improper vAC constitution generates progeny that are highly cell associated ([Fig. 2B and 6A](#f2 f6){ref-type="fig"}), and when virus stocks are prepared by sonication of infected cells, mutant virus preparations are less infectious on a per genome basis than wild-type virus preparations (see [Fig. S4](#fS4){ref-type="supplementary-material"} in the supplemental material). Despite the effect on egress, the pUL71-deficient mutant remains competent for cell-to-cell spread ([Fig. 3B](#f3){ref-type="fig"}), consistent with the earlier conclusion that envelopment is not required for cell-to-cell spread of HCMV ([@B34]), and supporting the view that multiple, distinct virus trafficking pathways exist ([@B26]). A subset of these pathways may promote cell-to-cell spread independently from extracellular virion release.

UL71 mutant virus particles isolated by sonication of infected cells displayed a unique migration through glycerol-tartrate density gradients ([Fig. 6A](#f6){ref-type="fig"}). The distribution of mutant viral genomes and infectivity within the gradient followed this novel migration pattern and differed from that observed for wild-type virus preparations ([Fig. 6B](#f6){ref-type="fig"}). Analysis of virion proteins revealed that while all assayed species were in UL71 mutant virus particles, their abundance more closely resembled wild-type virus dense bodies than wild-type virions ([Fig. 6C](#f6){ref-type="fig"}). Visualization of the mutant particles released from cells by sonication revealed that they were aggregated and associated with sheaths of membrane, as was the case for wild-type virus dense bodies ([Fig. 6D](#f6){ref-type="fig"}). These membranes are likely associated with viral proteins, possibly accounting for the similarity in protein abundance for mutant particles and wild-type dense bodies. Although the aggregates of particles with membrane sheaths are produced by mechanical disruption, this observation demonstrates a fundamental difference between wild-type and mutant particles. Wild-type particles were discernible in both cell-free and cell-associated preparations ([Fig. 6A](#f6){ref-type="fig"}), as expected ([@B28]), while mutant virus particles were observed only as aggregates in cell-associated preparations ([Fig. 6A](#f6){ref-type="fig"}).

Intracellular trafficking of mutant and wild-type virus particles was monitored by TEM ([Fig. 7 and 8](#f7 f8){ref-type="fig"}; see [Fig. S5](#fS5){ref-type="supplementary-material"} in the supplemental material). In contrast to cells infected with the wild-type virus, almost no virus particles were present in the cytoplasm of cells infected with mutant virus at 96 hpi ([Fig. 7](#f7){ref-type="fig"}). This may indicate that, in addition to cytoplasmic trafficking of virus particles, pUL71 contributes to nuclear egress of nucleocapsids. We did not observe localization of pUL71 to the nucleus or nuclear rim ([Fig. 4](#f4){ref-type="fig"}; see [Fig. S3](#fS3){ref-type="supplementary-material"} in the supplemental material), which suggests that if pUL71 acts to promote translocation of nucleocapsids into the cytoplasm, it does so indirectly. By 144 hpi, mutant-virus-infected cells contained many more cytoplasmic virus particles than wild-type-virus-infected cells ([Fig. 8](#f8){ref-type="fig"}), presumably because many wild-type virus particles were released from infected cells before this time ([Fig. 2A](#f2){ref-type="fig"}). Conversely, mutant-virus-infected cells developed large, electron-dense ICIs by 96 hpi ([Fig. 7](#f7){ref-type="fig"}). Large ICIs were evident in wild-type-virus-infected cells at 144 hpi ([Fig. 8](#f8){ref-type="fig"}).

Electron-dense ICIs have been observed previously in TEM analyses of HCMV-infected fibroblasts and characterized as lysosomes ([@B35]--[@B37]). In murine cytomegalovirus (CMV)-infected mice, ICI formation in hepatocytes correlated with a reduction in virus titer relative to the titer from salivary gland cells, where the lysosomal structures were not observed ([@B38]). Similar lysosomal structures formed with the same kinetics during HCMV infection of cultured fibroblasts, leading to the proposal that they were a cell type-specific intrinsic defense against infection. These results fit with our observation of large LAMP1-positive vesicles ([Fig. 5B and C](#f5){ref-type="fig"}), as well as LysoTracker green-positive, acidified structures in BAD*in*UL71STOP-infected cells ([Fig. 5D](#f5){ref-type="fig"}).

Our observations, considered in light of the earlier visualization of lysosomal structures ([@B38]), are consistent with a kinetic model of degradation, wherein the formation of large lysosomal structures occurs earlier during mutant virus infection than during wild-type virus infection, resulting in enhanced degradation of mutant virus particles. This model suggests that the virus particles associated with the periphery of ICIs in BAD*in*UL71STOP-infected cells ([Fig. 8C and D](#f8){ref-type="fig"}) subsequently enter the ICI where they are degraded. Trafficking to these lysosomal structures during wild-type virus infection is presumably avoided by rapid, efficient egress before their formation occurs. In the case of mutant virus infection, virion trafficking is inefficient and lysosomal formation occurs earlier, resulting in a larger proportion of virus particles being degraded by lysosomes or sequestered on their periphery. Alternatively, these structures could be directly involved in the normal egress of virus particles, as smaller ICIs are discernible by 96 hpi in wild-type-virus-infected cells ([Fig. 7](#f7){ref-type="fig"}). While direct fusion of multivesicular body-like collections of virions at the plasma membrane has been documented ([@B11]), it is possible that acidified structures are also utilized for egress. The acquisition of proper membranes would likely be important to efficiently utilize acidified structures for egress, as both pH and lipid composition have been shown to be required for formation of acidified multivesicular liposomes ([@B39]). In the case of UL71 mutant virus infection, acquisition of the proper membrane could be impaired by improper vAC morphogenesis ([Fig. 5](#f5){ref-type="fig"}), resulting in inefficient membrane fusion and impaired budding into acidified structures. While we favor the kinetic model of degradation, further experiments are required to rule out the second model.

MATERIALS AND METHODS {#h3}
=====================

Cells and viruses. {#h3.1}
------------------

MRC5 fibroblasts (ATCC) were cultured in medium supplemented with 10% fetal bovine serum. The wild-type, parental strain for all mutant viruses was the bacterial artificial chromosome (BAC)-derived [A]{.smallcaps}[D]{.smallcaps}169 strain BAD*wt* ([@B40]). BAD*in*GFP ([@B41]) and BFX*wt*-GFP ([@B42]) are derivatives of BAD*wt* and a BAC-cloned FIX clinical isolate, respectively, that replicate with wild-type virus kinetics. To generate BAD*in*UL71STOP, a pUL71-deficient mutant virus, we utilized GalK recombineering ([@B23]), and BAD*in*UL71GFP was generated using Kan-FRT recombineering ([@B43]). Details for their construction can be found in [Text S1](#sS1){ref-type="supplementary-material"} and [Table S1](#tS1){ref-type="supplementary-material"} in the supplemental material. In each case, gross mutant BAC DNA integrity was confirmed by restriction digestion, and mutations were verified by sequence analysis.

Virus stocks were produced in fibroblasts by pooling cell-free and cell-associated virus, and the titers of the virus stocks were determined by limiting dilution assay. For some experiments, stocks were concentrated by centrifugation through sorbitol cushions. To purify virions, virus stocks were resolved on sodium tartrate gradients ([@B28]).

To analyze the contributions of extracellular and intracellular virus to the spread of infection through a monolayer, medium supplemented with 3% (vol/vol) CytoGam (CSL Behring) was added to cells immediately after infection, an amount shown previously to neutralize extracellular virus ([@B44]). The cells were subsequently fixed and permeabilized with ice-cold methanol and prepared for microscopy as detailed below. The cells were imaged directly on the plate with a Nikon Eclipse TE2000-U fluorescent microscope, and images were processed with Q-Capture Pro software ([@B45]).

Analysis of viral nucleic acids and proteins. {#h3.2}
---------------------------------------------

Intracellular viral RNA and DNA and viral DNA in virus stocks were quantified as described previously ([@B46], [@B47]), and details can be found in [Text S1](#sS1){ref-type="supplementary-material"} in the supplemental material.

Proteins within infected cells and in virus particles were monitored by Western blotting ([@B46]). Proteins were reacted with primary antibodies (see [Table S2](#tS2){ref-type="supplementary-material"} in the supplemental material) and then with horseradish peroxidase (HRP)-conjugated secondary antibodies, which were detected with enhanced chemiluminescence (ECL) reagent (GE Healthcare). To analyze protein localization by immunofluorescence, cells were cultured on glass coverslips, fixed for 15 min with 2% paraformaldehyde, permeabilized for 15 min in phosphate-buffered saline (PBS) containing 0.1% Triton X-100 (PBS-T), and blocked for 1 h in 0.05% PBS-T containing 2% bovine serum albumin (BSA). Proteins were labeled with primary antibodies (see [Table S2](#tS2){ref-type="supplementary-material"} in the supplemental material) in 0.05% PBS-T plus 2% BSA for 1 h. The coverslips were washed 3 times with PBS plus 0.05% Tween 20, incubated with 4′,6′-diamidino-2-phenylindole (DAPI)- and Alexa Fluor-conjugated secondary antibodies in 0.05% PBS-T plus 2% BSA for 1 h, washed 3 times with 0.05% PBS-T, and mounted on glass slides with SlowFade Gold anti-fade solution (Invitrogen), and images were captured on a Leica DM5500 microscope. pUL83- and pUL123-positive nuclei were imaged as described previously ([@B46]).

Electron microscopy. {#h3.3}
--------------------

Gradient-purified virus particles were immobilized on carbon-coated grids and negatively stained with 0.1% uranyl acetate. To image cells, infected cells and mock-infected cells were fixed in 2.5% glutaraldehyde and 1.6% paraformaldehyde in 100 mM sodium cacodylate, pH 7.4, harvested by scraping, pelleted by centrifugation, cut into ≤1-mm blocks, fixed with 1% osmium tetroxide (aqueous), and stained with 0.5% uranyl acetate. The cells were dehydrated in ethanol, infiltrated with Epon plastic and ethanol, and embedded in plastic. Sections (\~60 nm) were cut, stained with uranyl acetate and lead citrate, and viewed using a Zeiss 912AB transmission electron microscope. Images were captured using AMT Capture Engine v5344.
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SUPPLEMENTAL MATERIAL {#h4}
=====================

###### TEXT S1 Supplemental Materials and Methods. Download

###### TABLE S1 Oligonucleotide primers used in this study.

###### TABLE S2 Primary antibodies used in this study.

###### FIG S1 Location of the UL71 transcript 5′ end and prediction of the UL71 ORF. (A) The 5′ end of the UL71 transcript was mapped by 5′ rapid amplification of cDNA ends (RACE) analysis. Fibroblasts were infected with HCMV BFX*wt*-GFP at a multiplicity of 0.1 PFU/cell. At the indicated times, total RNA was isolated and used as input for 5′ RACE analysis. Nested PCR products were subjected to electrophoresis on a 0.8% agarose gel and visualized by ethidium bromide staining. (B) Location of the 5′ end of the UL71 transcript. The bands corresponding to the products of the 5′ RACE nested PCR products were extracted from the agarose gel, purified, and sequenced. (C) The UL71 translation start site was predicted on the mapped UL71 transcript by identifying a strongly conserved Kozak consensus sequence. Download

###### FIG S2 BAD*in*UL71GFP grows like wild-type virus and illustrates the kinetics of pUL71 expression. (A) Schematic of the BAD*in*UL71GFP genome. A green fluorescent protein tag, preceded by a 7-amino-acid linker sequence, was fused in frame to the UL71 open reading frame using Kan^r^-mediated BAC recombineering. (B) BAD*in*UL71GFP (squares) replicates like wild-type BAD*in*GFP (circles). Fibroblasts were infected at a multiplicity of 0.1 PFU/cell, supernatants were harvested on the indicated days postinfection, and viral titers were determined by TCID~50~ limiting dilution assay. Error bars estimate standard deviations calculated from technical repeats. Inp, input virus. (C) pUL71 expression is maximal late after infection. Fibroblasts were infected at a multiplicity of 2 and harvested at indicated times postinfection, whole-cell lysates were prepared, and proteins were assayed by Western blotting using antibodies to GFP and IE1. Tubulin was assayed as a loading control. Results are representative of an experiment conducted in duplicate with two separate isolates. Download

###### FIG S3 HCMV infection induces a dramatic reorganization of host cell membrane constituents. (A to E) pUL71 (green) localization was observed in reference to markers of the exocytic/endocytic membranous network (red), which themselves are dramatically relocalized during infection, including the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) marker ERGIC53 (A), the *trans*-Golgi marker p230 (B), the early endosome (EEndo) marker EEA1 (C), the multivesicular body (MVB) marker CD63 (D), and the late endosomal/lysosomal (LEndo/Lyso) marker LAMP1 (E). Fibroblasts were grown on glass coverslips and either mock infected or infected at a multiplicity of 1 PFU/cell with BAD*in*UL71GFP. At 96 hpi, cells were processed for immunofluorescence and probed with antibodies against the indicated protein species. DAPI-stained nuclei are blue in merged images. Results are representative of experiments conducted in duplicate with two separate isolates of BAD*in*UL71GFP. Bars, 10 µm. Download

###### FIG S4 BAD*in*UL71STOP virus preparations are less infectious than BAD*wt* virus preparations. (A) Mutant virus (gray bars) and wild-type virus (black bars) were partially purified, and virus titers were determined by TCID~50~ limiting dilution assay. Viral genomes were isolated from the same stocks and quantified by qPCR with UL123-specific primers. Data are normalized to BAD*wt* genome-to-TCID~50~ ratio and represent fold induction over that of the wild-type virus. Results are representative of an experiment conducted in duplicate with three separate isolates of BAD*in*UL71STOP. Error bars represent standard errors of means calculated from technical repeats. (B to D) Fibroblasts were infected with BAD*wt* (black bars) at a multiplicity of 1 PFU/cell or with BAD*in*UL71STOP (gray bars) at either a multiplicity of 1 PFU/cell or with the same number of viral genomes as for the wild-type virus. (B) Mutant virions bind to cells with normal efficiency. Fibroblasts were infected at 4°C, total DNA was isolated, and viral genomes were quantified by qPCR with UL123-specific primers and normalized to cellular DNA with actin-specific primers. Results are representative of an experiment conducted in duplicate with two separate isolates of BAD*in*UL71STOP. Error bars represent standard errors of means calculated from technical repeats. (C) Mutant virions fail to deliver the pUL83 virion protein to the nucleus at normal efficiency. At 6 hpi, cells were fixed, permeabilized, stained with DAPI, and probed for pUL83 by immunofluorescence. Four random fields from two separate experiments (*n* \> 130 cells) were quantified, and the results are presented in the left panel. Representative primary data appear to the right. (D) Mutant virions fail to accumulate IE1 protein at normal efficiency. At 24 hpi, cells were fixed, permeabilized, stained with DAPI, and probed for IE1 by immunofluorescence. Four random fields from two separate experiments (*n* \> 190 cells) were quantified and graphed. Representative primary data appear to the right of the graphs. The experiments in both panels B and C were performed in duplicate and quantified in duplicate, and error bars represent standard errors of means calculated from both biological and technical repeats. Download

###### FIG S5 At 72 hpi, the nuclei of BAD*in*UL71STOP- and BAD*wt*-infected cells contain capsids from fractions A, B, and C. Cells were infected at a multiplicity of 2 with either BAD*wt* (A) or BAD*in*UL71STOP (B). Blue, purple, and red arrows mark A, B, and C capsids, respectively. Nu, nucleus. Bars, 500 nm. Download
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